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BILE ACID SEQUESTRANTS ARE orally administered nonabsorbable resins designed to treat hypercholesterolemia (23) but that have unexpected beneficial effects on glycemia in subjects with type 2 diabetes mellitus (T2DM) (17) . This observation has been confirmed in multiple human studies, animal models, and with a variety of different bile acid binding resins (reviewed in Ref. 41) . Colesevelam is a bile acid sequestrant used to treat T2DM, but the mechanisms by which it and other sequestrants act on glucose metabolism are incompletely understood. Inasmuch as colesevelam passes through the digestive track unaltered, its efficacy on both cholesterol and glucose metabolism are thought to originate from its high bile acid-binding affinity.
Bile acids are amphipathic molecules synthesized in liver, stored in the gallbladder, and secreted into the small intestine to facilitate dietary lipid absorption (48) . Ileal bile acid reabsorption and uptake by the liver is nearly quantitative and exquisitely regulated. Bile acids activate receptors in the intestine, including the farnesoid X receptor (FXR), a member of the nuclear receptor family of ligand-activated transcription factors. Activation of FXR in the small intestine induces the expression and release of fibroblast growth factor (FGF) 15/19 (22) . FGF15/19 activates the FGFR4 receptor in liver and represses transcription of Cyp7a1 (22) , a critical enzyme in the synthesis of bile acids from cholesterol. Sequestrants, like colesevelam, bind bile acids in the small intestine and prevent the FXR-dependent repression of bile acid synthesis (20) , resulting in clearance of cholesterol as bile acids.
Bile acids also activate TGR5 (also known as GPR131), a plasma membrane G-protein coupled receptor (GPCR) (53) . In general, TGR5 activation invokes several beneficial metabolic effects including increased energy expenditure in skeletal muscle and brown adipose tissue, and activation of TGR5 in the intestine induces secretion of the incretin hormone glucagonlike peptide-1 (GLP-1) from intestinal L cells (43) . The putative effects of GLP-1 receptor (GLP-1R) activation optimize insulin secretion, reduce glucagon secretion, and improve insulin sensitivity in liver and peripheral tissues (14) . Sequestrant treatments are associated with altered levels of gut hormones (4, 19, 36, 50) , including a rise in GLP-1 (4, 19, 50) , which appears to require TGR5 activation (19) .
The metabolic mechanism of improved glucose homeostasis during sequestrant treatment has been attributed to increased energy expenditure (56) , improved glucose disposal (46) , and reduced glucose production (4) . Humans treated with colesevelam have reduced rates of glycogenolysis (4), a pathway partly mediated by GLP-1 (1) , and a contributor to glycemic dysregulation during insulin resistance (2) . We therefore investigated the role of TGR5-dependent GLP-1 action in effects of colesevelam on liver glycogen metabolism in diet-induced obese (DIO) mice. TGR5 and GLP-1 were essential for colesevelam to suppress hepatic glycogenolysis and glucose production and partially required for its glucose-lowering effects. However, the activation of TGR5/ GLP-1 by colesevelam was totally dispensable for improved cholesterol metabolism, which was mediated by FXR deactivation. Thus, the unique beneficial actions of sequestrants on cholesterol and glucose metabolism are mediated by multiple pharmacological targets, including FXR suppression and TGR5/ GLP-1 activation.
MATERIALS AND METHODS
Animal experiments. FXR (51) and TGR5 knockout (KO) mice (54) were generated as described previously and were backcrossed at least 10 generations to a pure C57Bl/6 genetic background. Male WT mice (C57Bl/6J; Jackson Laboratories), knockout mice, and control mice were housed under a light/dark cycle of 12 h (6 AM to 6 PM). Mice were fed standard chow (Teklad Global 2016 diet, Harlan Laboratories) containing 4% fat or 60% high-fat diet (HFD) (Research Diets, D12492i) ad libitum as indicated. For colesevelam HCl (Col) treatment in WT mice, DIO mice on the 60% HFD for 11-13 wk were ordered from Jackson laboratories and maintained on the 60% HFD until mice were 15 wk old. Mice were then individually caged and maintained on the 60% HFD or provided the HFD mixed with 2% colesevelam (Daiichi Sankyo) ad libitum for 7 days. Mice were ad libitum fed (chow or HFD) and killed between 9 AM and 11 AM for tissue and blood collection unless otherwise noted. Glucose tolerance tests (GTT) were performed in mice fasted overnight (5 PM-9 AM) and intraperitoneally (i.p.) injected with 2 g/kg D-glucose (Sigma) with tail blood collected at the indicated times. Tracer infusions and rectal administrations were performed after a brief 4-h morning fast to minimize active nutrient absorption without depleting hepatic glycogen (6) . All animal experiments were approved by the Institutional Animal Care and Research Advisory Committee of the University of Texas Southwestern Medical Center.
GLP-1 receptor (GLP-1R) agonists and antagonists were administered as previously described (12, 30) . Briefly, synthetic exendin-4 (Ex-4) (Anaspec,USA) and exendin-(9 -39) (Ex-9) (Anaspec,USA) were dissolved in saline and administered i.p. twice daily (at 9 AM and 6 PM) at a dose of 0.1 g/g body wt, and 0.2 g/g body wt, respectively, for 7 days. Measurement of portal GLP-1 was performed on 250 l of portal blood collected under isofluorane anesthesia by catheterization of the portal vein and immediately mixed with a DPP-IV inhibitor (Millipore) per the manufacturers' instructions. The remaining blood was collected and placed in a separate EDTA-tube for analysis of additional plasma factors.
Stable isotope tracer experiments. In vivo hepatic glucose production was measured in mice with minor modifications of previously described experiments (6) . Mice were fitted with a chronic jugular vein catheter and allowed to recover for 1 wk. Food was removed from the cages in the morning, and 4 h later [U- 13 C]glucose was infused for 90 min. The fractional enrichment of tail vein glucose was determined by GC-MS (52) . Turnover was determined from the precursor product relationship and infusion rates as previously described (6) .
Livers from ad libitum fed DIO mice fed a HFD or HFD ϩ Col were isolated and perfused for 60 min with a nonrecirculating buffer at 8 ml/min as previously described. The perfusate contained a mixture of substrates and 3% deuterated water as previously described (45) . Relative rates of gluconeogenesis and glycogenolysis were determined from the relative enrichments of effluent glucose H2 and H5 as described by Landau and adapted to nuclear magnetic resonance (NMR) analysis (7, 32) . Absolute hepatic glucose output was determined by assaying the effluent perfusate for glucose. Absolute rates of gluconeogenesis and glycogenolysis were determined by multiplying relative flux and hepatic glucose output (45) .
In vivo cholesterol synthesis. Two days after the initiation of colesevelam treatment, mice were administered a bolus injection of saline D 2O (0.9% saline in 99% D2O) equal to 28 l/g body wt and subsequently maintained with 6% D2O in the drinking water. After 7 days, mice were euthanized by decapitation, and livers were collected and immediately flash frozen in liquid nitrogen. Liver lipid components were extracted and purified. Deuterium incorporation into the C18 methyl position of cholesterol was determined by 2 H NMR. Fractional synthesis was calculated as 2 H enrichment in position C18 divided by body water enrichment. Absolute cholesterol synthesis was evaluated as the product of the fractional synthesis and tissue cholesterol content divided by the D 2O exposure time (4 days).
In vitro TGR5-BRET assay. For real-time measurement of cAMP responses in HEK293 cells, we generated a HEK cell line that stably expressed the cAMP bioluminescence resonance energy transfer (BRET) sensor, CAMYEL (25) , and the human TGR5 receptor (TGR5-BRET cells). Functionality of the TGR5 receptor was assessed in the cell lines stably expressing the receptor by testing cAMP production in response to stimulation with bile acids. Adherent cells were plated in 96-well solid-white tissue culture plates (Greiner Bio-One, Monroe, NC) at a density of 40,000 -60,000 cells per well the day before assays. The BRET assay was carried out with a POLARstar Optima plate reader from BMG LabTech. Emission signals from Renilla luciferase and YFP were measured simultaneously using a BRET1 filter set (475-30/535-30). All determinations were carried out in triplicate and all experiments conducted at least two times.
Intracellular cAMP responses to isoproterenol or bile acid treatment [cholic acid (CA), taurocholic acid (TCA), glycocholic acid (GCA), chenoxycholic acid (CDCA), taurine chenoxycholic acid (TCDCA), glycine chenoxycholic acid (GCDCA)], (all bile acids were purchased from Sigma) were assessed as previously described (25, 26) . To generate a Col/BA complex, Colesevelam was hydrated in simulated intestinal fluid as previously described (18) . A sample (400 l) of 5 mg/ml Colesevelam (the maximum concentration determined not to disrupt the BRET signal) was incubated with 400 l of 100 mM TCA and 10 M oleic acid for 45 min. Addition of oleic acid with bile acid sequestrants improves bile acid retention on the resin (5). Following incubation, colesevelam incubated with bile acids was spun down at 2,000 rpm, and the supernatant was collected and the pellet washed. Washing of the pellet was performed twice, and the pellet, supernatant, and washes were individually treated to the TGR5-BRET cells and accessed for cAMP response. By the second wash step, BA in the wash was minimal when assayed on the TGR5-BRET cells (data not shown). These results were confirmed using radiolabeled bile acid ( 14 C-TCA) (American Radiolabel), which indicated that 55% of the total bile acid remained on the resin following incubation and wash steps (data not shown).
Rectal administration of bile acids. Following a 4-h morning fast, 300 l of vehicle, 10 mM TCA (Sigma), or INT-777 (30 mg/kg) (a kind gift from Intercept Pharmaceuticals) was rectally injected. After 40 min, portal blood (250 l) was collected as described above. Ileum and colon were collected and immediately flash frozen in liquid nitrogen for gene expression analysis.
Gene expression analysis-quantitative real-time PCR. Mice were euthanized by decapitation, unless otherwise specified, and tissues were isolated and immediately flash frozen in liquid nitrogen. Gene expression analysis was performed by quantitative real-time PCR (qPCR) as previously described (45) .
Metabolic parameters. Plasma glucose, insulin, cholesterol, and glucagon levels were measured as previously described (44) . GLP-1 concentration was measured in portal blood and collected as described above, using the Millipore Elisa kit (EGLP-35K) according to manufacturer's instructions. Hepatic cholesterol was extracted and analyzed as previously described (27) . Body composition was determined using a Bruker Minispec mq10 NMR.
Hepatic glycogen content was determined by weighing 100 mg of liver sample into a prechilled 15-ml sterile tube and then homogenizing it for 30 s in 1 ml of 30% KOH. Homogenized tissue was boiled for 15 min and then centrifuged at 3,000 rpm for 5 min. After centrifugation, 75 l of homogenate was spotted onto Whatman Grade 3 (cat no. 1003-323) filter disks and allowed to dry overnight in a scintillation vial. Filters were then washed once in cold (4°C) 70% ethanol by gentle shaking for 30 min, followed by two additional washes with room temperature 70% ethanol for 15 min each. Disks were then briefly rinsed with acetone and allowed to dry overnight. Once dry, filters were incubated in 2 ml of amyloglucosidase reaction mix [0.2 mg/ml amyloglucosidase (Sigma, cat. no. A7420) in 50 mM NaOAc pH 4.8] at 37°C for 90 min, mixing periodically. Samples were then assayed for glucose using the Wako Autokit glucose assay, and glycogen content was calculated as milligrams of glucose per 100 mg liver.
Statistical analyses. Results are expressed as means Ϯ SE. Statistical differences were analyzed using ANOVA for multiple groups or an unpaired t-test between two groups. Means were considered significantly different at P Ͻ 0.05.
RESULTS
Colesevelam treatment improves the metabolic profile of DIO mice. Mice were provided a 60% HFD for 15 wk to induce obesity followed by 7 days of colesevelam treatment. Colesevelam treatment did not significantly alter body weight (Fig. 1A) or composition (Fig. 1B) . Food intake was unaffected until day 5 when it increased slightly (Fig. 1C) . As expected, colesevelam treatment normalized hepatic cholesterol ( Fig.  1D ) and plasma glucose levels ( Fig. 1E ) and significantly reduced glucose excursion during a GTT (Fig. 1F ). Colesevelam treatment also reduced hyperinsulinemia ( Fig. 1G ) but caused an unexpected rise in plasma glucagon (Fig. 1H ). Hepatic glucagon receptor mRNA expression was not different between HFD mice and HFD mice administered colesevelam (HFD ϩ Col) (data not shown). Together, these data confirm that colesevelam treatment in DIO mice provokes the favorable changes in cholesterol and glucose homeostasis observed in humans (17, 41) .
Colesevelam treatment reduces hepatic glucose production and suppresses glycogenolysis. Endogenous glucose production contributes to hyperglycemia during type 2 diabetes (3), so we measured basal glucose turnover following a 4-h morning fast and found that it was decreased by colesevelam administration ( Fig. 1I ) in the absence of altered gluconeogenic gene expression (data not shown). To address the effect of colesevelam treatment on hepatic glucose metabolism, independent of acute substrate and hormone influence, livers were isolated and metabolic flux was examined under normalized perfusion conditions. Livers from mice treated with colesevelam produced less glucose (Fig. 1J) . Deuterium tracer incorporation showed that gluconeogenic flux was unaltered (Fig. 1K) but that glycogenolysis was robustly suppressed by colesevelam treatment (Fig. 1L) . Hepatic glycogen content was elevated in mice receiving colesevelam treatment (Fig. 1M) , indicating that colesevelam treatment suppresses glycogen breakdown and promotes glycogen storage. However, glycogen content was reduced normally after an overnight fast (Fig.  1M) , demonstrating that hepatic glycogen mobilization is not impaired during fasting. These data suggest that the principal metabolic mechanism by which colesevelam treatment reduces hepatic glucose production in DIO mice is via suppression of glycogenolysis.
GLP-1 signaling is required for suppression of hepatic glycogenolysis. Incretins have been suggested as key mediators of the actions of bile acid sequestrants (4, 19, 36, 50) , so we examined GIP and GLP-1 in DIO mice treated with colesevelam. GIP was elevated in DIO mice as previously reported (38) and reduced by colesevelam treatment (data not shown). In contrast, portal GLP-1 concentration was substantially increased by colesevelam treatment ( Fig. 2A) , consistent with previous studies in humans and animal models (9, 50). Because GLP-1 is known to promote glycogen storage (1, 29) and reduce hepatic glucose production (14), we examined whether elevated GLP-1 action during colesevelam treatment was responsible for the suppression of hepatic glycogenolysis. Treatment with the GLP1-R agonist, exendin-4 (Ex-4), recapitulated the elevated glucose H5/H2 deuterium enrichment (Fig. 2B) that occurred following colesevelam treatment (Fig.  2B) , indicating that both treatments caused a suppression of glycogenolysis (Fig. 2, B and C) . Both treatments also caused an increase in hepatic glycogen content (Fig. 2D) . To determine whether the suppression of hepatic glycogenolysis requires GLP-1 action, DIO mice were treated with the GLP-1R antagonist, exendin-9 (Ex-9). Ex-9 alone did not alter hepatic glycogenolysis (Fig. 2, B and C) , but coadministration of Ex-9 blocked the inhibition of hepatic glycogenolysis by colesevelam (Fig. 2, B and C) and reduced hepatic glycogen content (Fig. 2D) . These data show that GLP-1 action is required for suppression of hepatic glycogenolysis during colesevelam treatment.
TGR5 is required for colesevelam to induce GLP-1 and alter hepatic glycogen metabolism. Because bile acid activation of TGR5 induces secretion of GLP-1 (53), we investigated whether TGR5 was required for colesevelam-mediated induction of GLP-1 and glycogen sparing. Colesevelam treatment increased the portal GLP-1 concentration in WT lean and DIO mice as expected but failed to significantly induce GLP-1 in TGR5 KO mice (Fig. 2E) . Colesevelam administration also significantly increased hepatic glycogen content in WT mice, 
B-F:
WT DIO mice on HFD for 15 wk were administered either saline, the GLP-1R agonist exendin-4 (Ex-4), the GLP-1R antagonist exendin-(9 -39) (Ex-9), or colesevelam (Col) with or without Ex-9 for 7 days (n ϭ 5-6/ group). B: livers from fed mice were perfused with media containing 2 H2O, and the deuterium enrichment of glucose was measured by NMR, where higher H5/H2 enrichment indicates less glycogenolysis. C: hepatic glycogenolysis. D: hepatic glycogen from livers in B (n ϭ 5-6/group). Portal GLP-1 (E) and hepatic glycogen (F) levels analyzed from WT or TGR5 knockout (KO) mice fed 15 wk with chow or a HFD and then treated with or without colesevelam HCl (HFD ϩ Col) for 7 days (n ϭ 5-6/group). Data are presented as means Ϯ SE. Lowercase letters indicate statistical significance ( a P Ͻ 0.05; b P Ͻ 0.01; c P Ͻ 0.005; and d P Ͻ 0.001 vs. control; n/s ϭ not significant).
but TGR5 KO mice failed to spare hepatic glycogen (Fig. 2F) , similar to the effect of ex-9 treatment.
Bile acids bound to colesevelam activate a prolonged TGR5-mediated cAMP response. The activation of TGR5 during bile acid sequestration contrasts with the deactivation of FXR, so we tested whether sequestered bile acids maintain activity against TGR5. A real-time TGR5-activity assay was developed by stably expressing human TGR5 and a BRET sensor for cAMP in HEK cells (TGR5-BRET cells) (26) . As expected, treatment of TGR5-BRET cells with bile acids caused a dosedependent increase in TGR5 activation (Fig. 3A) , which was not observed in cells lacking TGR5 (data not shown). Compared with the rapid dissipation of cAMP signaling when other GPCRs are activated (e.g., isoproterenol action) (Fig. 3B) , bile acid activation of TGR5 resulted in an immediate and sustained activation of cAMP signaling (Fig. 3A) . Surprisingly, however, treatment of TGR5-BRET cells with colesevelam that had been preloaded with TCA resulted in a marked increase in TGR5 activity, whereas colesevelam alone had no effect (Fig. 3C,  left) . The TGR5 activity stimulated by the bile acid-bound resin was similar to that observed with 10 M TCA alone (Fig.  3C, right) . Notably, in these experiments the bile acid-bound resin was washed several times before addition to cells, and the concentration of free bile acids in the administered sample was measured to ensure they were below detection at the time of addition. Furthermore, analysis of the media from cells treated with bile acid-bound resin revealed undetectable levels of free bile acids. These results suggest that bound bile acids or those in a rapidly exchanging complex with colesevelam are capable of activating TGR5.
TGR5 activation in the colon is sufficient to induce GLP-1 release. Sequestrants repartition bile acids to the colon (35) , where TGR5 and GLP-1 expressing cells are abundant (11, 15, 33) . We confirmed high TGR5 mRNA expression in the distal 30 colon, which was further elevated by a HFD (Fig. 4A) . We next examined whether activation of TGR5 specifically in the colon was sufficient to increase portal GLP-1 concentration. Rectal administration of either a TGR5-specific agonist (INT-777), the endogenous bile acid TCA, or a bile acid prebound to colesevelam (TCA ϩ Col) increased portal GLP-1 levels (Fig.  4B) . FXR target gene expression in the small intestine was unchanged following rectal administration of TCA (Fig. 4C) , demonstrating that the injection did not penetrate the ileocecal valve and was constrained to the colon. Together, these data indicate that bile acids bound to colesevelam can activate a sustained TGR5 signaling mechanism and that activation of this pathway in colon elicits a robust induction of GLP-1 concentration.
TGR5/GLP-1 activation is not required for colesevelam to improve cholesterol metabolism and is not solely responsible
for reducing hyperglycemia and hyperinsulinemia. TGR5 activation and GLP-1 induction only partially explain the metabolic benefits of colesevelam. Ex-9 mildly blunted the efficacy of colesevelam against plasma glucose concentration, consistent with reduced hepatic glucose production. However, ex-9 did not completely prevent the reduction of plasma glucose ( Fig. 5A ) and had very little effect on the ability of colesevelam to reduce hyperinsulinemia (Fig. 5B) . TGR5 KO mice did not significantly induce GLP-1 during colesevelam treatment and also failed to significantly lower hyperglycemia although glucose trended lower (P ϭ 0.1) (Fig. 5C) . Despite no significant effect on GLP-1 or glycemia, colesevelam robustly reduced hyperinsulinemia in TGR5 KO mice (Fig. 5D) . Thus TGR5/ GLP-1 activation is required for colesevelam to suppress hepatic glycogenolysis and is partially responsible for improved glycemia but other targets contribute to its effects on hyperinsulinemia.
The ability of colesevelam to reduce hepatic cholesterol was independent of GLP-1 (Fig. 6A) and TGR5 (Fig. 6B ). In agreement with previous studies (20) , there was a near complete loss of FXR target genes (Fgf15, Shp, and Ibabp) in the ileum (Fig. 6C) . Consistent with the loss of ileal FGF15, hepatic expression of cholesterol biosynthetic genes (Cyp7a1 and Hmgcs) was markedly induced (Fig. 6D) , and cholesterol synthesis was increased by sevenfold (Fig. 6E) . Blocking GLP-1 action with ex-9 had no effect on the expression of ileal FXR targets or hepatic genes of cholesterol synthesis (data not shown). Thus the effects of colesevelam on FXR and cholesterol metabolism are independent of TGR5 activation and GLP-1 release.
Because regulation of FXR activity influences glycemia and insulin sensitivity (28, 44) , we next examined whether FXR contributes to the GLP-1-independent effects of colesevelam on hyperinsulinemia and hyperglycemia. FXR KO mice were induced to obesity by a HFD and treated with or without colesevelam. FXR KO mice on a HFD recapitulated the lower insulin concentration observed during colesevelam treatment (Fig. 6F) . However, colesevelam treatment in FXR KO mice still decreased insulin slightly (Fig. 6F) , and glucose concentration was reduced in a manner similar to WT mice (Fig. 6G) . Notably, DIO FXR KO mice exhibited markedly lower hepatic cholesterol levels comparable to WT DIO mice administered colesevelam (Fig. 6H) . Moreover, administration of colesevelam to DIO FXR KO mice did not further reduce hepatic cholesterol levels (Fig. 6H) . Thus the effect of colesevelam on GLP-1R activation and FXR deactivation both have important therapeutic effects, but neither is independently sufficient for colesevelam to lower glycemia or hyperinsulinemia.
DISCUSSION
Bile acid sequestrants disrupt the normal enterohepatic circulation of bile acids and alter the activity of bile acid receptors in the intestine. Sequestrants improve hypercholesterolemia by inhibiting the bile acid nuclear receptor FXR, resulting in the derepression of bile acid synthesis and the clearance of cholesterol into the bile acid pool. In contrast, the effect of sequestrants on glycemia (17) is not well understood. A role for GLP-1 in the glycemic action of colesevelam was anticipated after several studies noted that sequestrant treatment increased plasma GLP-1 concentration in rodents (9, 50) and humans (4) . GLP-1 is a gut incretin that is critical for glycemic regulation, and several classes of drugs that mimic or stabilize GLP-1 are effective against hyperglycemia (34) . Bile acids induce GLP-1 by activating TGR5 on the surface of intestinal L cells (42) . The physiological relevance of bile acid mediated GLP-1 release in glycemic regulation is indicated by reduced plasma glucose after bile acid administration (53) and is confirmed by the blunted glycemic effect of bile acids in GLP-1R KO mice (47) . In contrast to the expected deactivation of FXR by bile acid sequestration, sequestrants appear to augment TGR5 activation and GLP-1 release (19) . DIO mice treated with colesevelam had elevated GLP-1, improved glucose tolerance, and reduced hyperinsulinemia. Hepatic glucose production was reduced due to suppressed glycogenolysis, a finding that is consistent with Beysen and colleagues who reported that colesevelam lowered glycogenolysis but not gluconeogenesis in humans (4) . Because GLP-1R activation spares hepatic glycogen (29), we tested whether colesevelam suppresses glycogenolysis by TGR5-mediated GLP-1 action. A GLP-1R agonist (ex-4) recapitulated the effect of colesevelam on hepatic glycogenolysis, and a GLP-1R antagonist (ex-9) blocked the effect and resulted in increased hepatic glycogen. The failure of TGR5 KO mice to significantly induce GLP-1, lower glucose, or spare hepatic glycogen indicated that TGR5 activation during colesevelam treatment is required for these effects.
GLP-1 regulates hepatic glucose metabolism (5a, 24) , but the mechanism is unclear because the GLP-1R is not expressed in hepatocytes (10) . The putative incretin effect of GLP-1 is to induce pancreatic insulin and suppress glucagon secretion, a hormonal maneuver that should favor hepatic glycogen synthesis over glycogenolysis. However, portal glucagon was surprisingly increased, and hepatic glucagon receptor expression was unchanged. Markedly decreased insulin and plasma glucose during colesevelam treatment indicates improved insulin sensitivity, which makes it difficult to interpret the changes in the concentration of circulating glucoregulatory hormones, inasmuch as they will adapt to concentrations appropriate for lower glycemia. It remains possible that pancreatic function is improved during an oral nutrient challenge or that favorable changes in insulin and/or glucagon action (rather than concentration) contribute to the effects of colesevelam on hepatic glucose metabolism. GLP-1R activation may also modify glycogen metabolism and glucose production independent of its incretin effects (1, 29) by direct activation of the GLP-1R in portal vein nerves (39, 40) or central mediation of liver metabolism by hypothalamic GLP-1R activation (8, 29, 49) .
Several aspects of sequestrant efficacy could not be attributed to TGR5/GLP-1. Not surprisingly, the favorable effect of colesevelam on cholesterol regulatory genes and metabolism was associated with deactivation of FXR, independent of TGR5 or GLP-1R loss of function. On the other hand, the finding that GLP-1R inhibition completely blocked the effect of colesevelam on hepatic glycogenolysis, but only partially reduced its ability to lower glycemia, was surprising. In contrast, TGR5 KO mice did not significantly reduce basal glucose when treated with colesevelam, indicating that TGR5 activation is critical for the glycemic effect (Fig. 5C and Ref. 19) . It is possible that the Ex-9 dose used here only partially inhibited GLP-1R activation and thus underestimates the role of GLP-1R activation during colesevelam treatment. Alternatively, TGR5 activation can also improve glucose homeostasis independent of GLP-1. Systemic bile acid activation of TGR5 has been reported to improve glucose homeostasis by increasing energy expenditure during 3 mo of sequestrant treatment (56), but we did not find changes in energy expenditure after 7 days of colesevelam treatment (not shown). We also note that a glucose-lowering effect in TGR5 KO mice narrowly missed statistical significance, and both Ex-9 and TGR5 KO mice robustly improved hyperinsulinemia during treatment. Thus the GLP-1/TGR5 axis is critical for improved hepatic glucose metabolism but is unlikely the sole factor by which colesevelam improves glycemic regulation.
FXR and its intestinal target FGF15 regulate glucose homeostasis and glucose clearance (28, 44) . Genetic loss of FXR activity improves glucose clearance in db/db mice (46) . Sequestrants also increase glucose clearance in humans (4) and in db/db mice, where this increase has been attributed to reduced FXR activity (37) . In contrast, endogenous glucose production was reduced in DIO mice, perhaps due to the lesser severity of this model compared with the db/db mouse. Nonetheless, our findings do not obviate a role for FXR mediated glucose clearance especially during nutrient load. FXR loss of function recapitulated the lower insulin levels induced by colesevelam treatment, consistent with decreased FXR activation by sequestrants. However, FXR KO mice treated with colesevelam still achieved a slight reduction in insulin and maintained a robust glycemic response to treatment. Thus it is possible that a combination of FXR-dependent insulin sensitization and TGR5/GLP-1-dependent glucose disposition (i.e., glycogen storage) are important for the glycemic efficacy of colesevelam, but neither appears independently sufficient to mediate these effects. The activation of one bile acid receptor (cell surface TGR5) and suppression of another (nuclear FXR) are unique pharmacological properties of sequestrant treatment. TGR5 is highly expressed in the distal colon (Fig. 4A) (11, 15, 33) , whereas FXR is mainly expressed in the small intestine (Fig. 4C) . During sequestrant treatment, bile acids in the small intestine are sequestered and unable to enter the cell to activate FXR (20) , but once transported to the colon (13) differences in pH (16) and motility increase free bile acid levels (35) . We found that ectopic bile acids in the colon result in elevated portal GLP-1 concentration and that the effect was maintained when the bile acid was complexed to colesevelam (Fig. 4B) . Furthermore, bile acids triggered sustained activation of TGR5 signaling in cell-based assays, and this activation was maintained (although to a lesser level) despite the presence of a saturating concentration of colesevelam (Fig. 3C) . Thus sequestrants inhibit FXR activation by excluding the cellular transport of bile acids in the small intestine, but cell surface TGR5 can be activated in the colon by dissociated and/or bound bile acids. Lipid receptors (21, 31 ) also stimulate GLP-1 secretion (57), and we observed a slight (3%) decrease in lipid absorption with colesevelam treatment (data not shown). In addition, sequestrants also induce other gut hormones (36) , including GIP (4). However, GIP is artificially elevated by high-fat feeding in mice (38) and was normalized independent of TGR5 by colesevelam. It is possible that a combination of FXR-and TGR5-independent factors contribute to the pharmacology of sequestrants, but their roles remain to be elucidated. In summary, colesevelam reduced hepatic glucose production by suppressing glycogenolysis in DIO mice. The suppression of hepatic glycogenolysis required TGR5 and GLP-1R activation. TGR5 could be activated by the bile acid-colesevelam complex in vitro, and its activation in the colon was sufficient to induce GLP-1. However, TGR5/GLP-1R activation was unrelated to improved hypercholesterolemia or hyperinsulinemia and may only partially explain glycemic efficacy of colesevelam. Suppression of FXR mediated the cholesterol effect and may reduce hyperinsulinemia but was not sufficient for the glycemic effect of colesevelam. This unique polypharmacology of colesevelam impinges on multiple receptors, hormones, and metabolic pathways, which contribute to improve hypercholesterolemia and hyperglycemia.
